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BrainThyroid hormones (THs) are crucial for brain development and maturation in all vertebrates. Especially
during pre- and perinatal development, disruption of TH signaling leads to a multitude of neurological
deficits. Many animal models provided insight in the role of THs in brain development, but specific data
on how they affect the brain’s ability to learn and adapt depending on environmental stimuli are rather
limited. In this review, we focus on a number of learning processes like spatial learning, fear conditioning,
vocal learning and imprinting behavior and on how abnormal TH signaling during development shapes
subsequent performance. It is clear from multiple studies that TH deprivation leads to defects in learning
on all fronts, and interestingly, changes in local expression of the TH activator deiodinase type 2 seem to
have an important role. Taking into account that THs are regulated in a very space-specific manner, there
is thus increasing pressure to investigate more local TH regulators as potential factors involved in neu-
roplasticity. As these learning processes are also important for proper adult human functioning, further
elucidating the role of THs in developmental neuroplasticity in various animal models is an important
field for advancing both fundamental and applied knowledge on human brain function.
 2017 Elsevier Inc. All rights reserved.1. Studying neuroplasticity and thyroid hormones
The term neuroplasticity rose to prominence in the second half
of the 20th century when evidence suggested that the brain retains
some adaptability during adulthood, as opposed to the earlier
hypothesis that after a childhood critical period, the brain remains
unchanged (reviewed in Fuchs and Flugge (2014)). Neuroplasticity
is used as a broad term but is generally defined as the ability of the
brain to institute long-term changes to its synaptic or cellular
structure as a response to external stimuli. Whereas it is now clear
that the brain is still adaptable during adulthood, neuroplasticity
during development contains the majority of changes that will
shape adult behavior. In this context neuroplasticity can be
described as the component of general neurodevelopment (similar
in every individual of a given species) that changes and settles
depending on environmental influences.
A major factor in both developmental and adult neuroplasticity
are the thyroid hormones (THs) 3,5,30,50-tetraiodothyronine (T4)
and 3,5,30-triiodothyronine (T3) (Norris and Carr, 2013). To under-
stand the actions of THs, it is important to note that following their
release by the thyroid gland, their availability and action is strictly
regulated at the tissue level by three types of key proteins (Bernal,
2000). Firstly, cellular TH influx and efflux is controlled by thepresence of several transmembrane transporters, including the
monocarboxylate transporters 8 and 10 (MCT8 and MCT10), the
organic anion-transporting polypeptide 1C1 (OATP1C1) and the
L-type amino acid transporter family (LAT1 and LAT2). Secondly,
the activity level of THs in brain cells is controlled by activation
of T4, which predominantly functions as a prohormone, to the more
bioactive form T3, and inactivation of either T4 or T3 to inactive
forms by different types of deiodinases (DIO2 for activation and
DIO3 for inactivation). Finally, the signaling by T3 depends on the
presence of nuclear TH receptors (TRs); they bind to TH response
element sequences in the genome and regulate ligand-dependent
gene transcription. Vertebrates have two genes coding for TRs:
THRA and THRB (resulting in different TRa and TRb isoforms). The
functions of the three types of regulator proteins are broadly con-
served in vertebrates, but evolutionary diversification like genome
duplication, gene deletion and splicing variance has branched out
their presence and functions between species (Darras et al.,
2011; Ichikawa et al., 1989; Johnson and Lema, 2011). Apart from
genomic T3-mediated action, THs including both T4 and T3 can also
act through non-genomic pathways (Leonard, 2008; Yamaguchi
et al., 2012).
This review aims to demonstrate the conservation of the role of
THs in neuroplasticity in vertebrates and to highlight how THs
influence divergently evolved learning processes. Important pro-
cesses that are explored are spatial learning, fear memory, vocal
learning, imprinting behavior, sensory learning and motor learn-
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we also draw some parallels with human neural development to
stress the importance of animal models in developmental neuro-
plasticity research. We furthermore compare how the data on
developmental neuroplasticity align with the role of THs in adult
neuroplasticity. For each process, we subsequently summarize
the known implications of TH shortage or excess in animal models,
review the potential role THs might have in the underlying molec-
ular mechanisms and highlight the information gaps and chal-
lenges for future research. Spatial learning and fear memory have
mostly been studied in rodents focusing on the effects of systemic
hypo-/hyperthyroidism or in genetically modified rodents lacking
a crucial TH regulator. Vocal learning and imprinting behavior
are more easily studied in birds. There, more detailed data is avail-
able on local expression of TH regulator proteins in learning-
associated brain areas.2. Thyroid hormones in spatial memory
The majority of learning-associated animal studies have been
performed in the context of spatial learning, for which the hip-
pocampus, an area with high expression of TRs, is known to be
essential in both birds and mammals (Warburton and Brown,
2015; Watanabe and Bischof, 2004). Spatial learning is the ability
to remember a positioning, orientation or shape based on visual
cues. In humans, hippocampal volume is lower in both adults with
hypothyroidism and children having suffered from congenital
hypothyroidism during gestation and adult-onset hypothyroidism
is also known to impair hippocampal activity (Cooke et al., 2014;
Willoughby et al., 2014). Interestingly, studies have shown that
congenital hypothyroidism causes selective visuocognitive mal-
functions and a generally lower IQ -even in young adults-, but does
not cause global visuocognitive deficits or impaired visual working
memory (Oerbeck et al., 2003; Simic et al., 2013; Wheeler et al.,
2012; Willoughby et al., 2014). On the other side of the spectrum
lie the effects of hyperthyroidism, which are much less studied.
In humans, adult-onset hyperthyroidism has been linked to a
decrease in signal activity between the hippocampus and other
cortical regions (Zhang et al., 2014). As hyperthyroidism also
causes hyperactivity, attention deficits and changes in anxiety
state (as discussed in Section 3), these could indirectly affect learn-
ing potential.
Rodents also show memory deficits when deprived of THs dur-
ing development. Blocking TH production in rat pups by propylth-
iouracil (PTU) during the first three postnatal weeks results in
deficits to both reference and short-term memory when doing
maze tasks (de-Miranda et al., 2016). The problems seem to be
more striking in females and last at least until 100 days postnatally
(dpn). Co-treatment with T4 in these animals alleviates the mem-
ory deficit, which supports the evidence that overt hypothyroidism
in humans leads to (non-spatial) cognitive deficiencies and that the
phenotype can be prevented by supplementing T4. The rodent
learning deficits are also apparent when rat dams are exposed to
PTU during gestation and lactation (Akaike et al., 1991; Axelstad
et al., 2008; Gilbert et al., 2016; Gilbert and Sui, 2006). Adult off-
spring of TH-deprived dams show clear dose dependent spatial
memory deficits when subjected to maze tasks, accompanied by
reduced long term potentiation (LTP) in the hippocampus
(Gilbert and Sui, 2006). Furthermore, developmental TH depriva-
tion resulted in a reduction of activity dependent expression of
hippocampal nerve growth factor and parvalbumin (Gilbert et al.,
2016), genes associated with neurodevelopment. The link between
TH signaling and spatial learning is further substantiated by the
impaired spatial learning observed in mice following knockout of
either Dio2 or ThrA (Galton et al., 2009; Wilcoxon et al., 2007).When we compare perinatal phenotypes to fully grown individ-
uals, there is much evidence that TH deprivation in adult rodents
also leads to severe neurological defects in the hippocampus
accompanied by memory impairment (Artis et al., 2012). It is sug-
gested that TH signaling is linked to GABAergic activity, again in
the hippocampus (Friauf et al., 2008; Gilbert et al., 2007; Sawano
et al., 2015). In case of hyperthyroidism, hippocampal LTP disrup-
tion and memory impairment is induced in both neonatal and
adult rats (Pavlides et al., 1991; Taskin et al., 2011). Interestingly,
however, neonatal hyperthyroidism seems to improve the spatial
memory of mice when tested as adults (Crusio and Schwegler,
1991).
An alternative approach to deprivation of TH production by PTU
is endocrine disruption by halogenated phenyl derivates (HPDs),
although a causal link between the HPDs, THs and the memory
defects is not always clear. Studies using HPDs clearly show a
decrease (but no depletion) of TH levels in developing rodents,
but this results in either a small or no impairment in memory recall
(Bowers et al., 2015; de-Miranda et al., 2016). In a study on juve-
nile starlings, treatment with HPDs caused apparent difficulties
in learning a spatial task (Zahara et al., 2015). Moreover, HPDs
seem to disrupt the expression of several key components of hip-
pocampal cytoskeleton formation, neurotransmission (including
production of c-aminobutyric acid (GABA)), axonogenesis and
synaptogenesis (Kodavanti et al., 2015), all of which can have sev-
ere impact on hippocampal mediated memory. Interestingly, stud-
ies using HPDs show similar hippocampal alterations as studies
using hypothyroid pups (Salazar et al., 2017), suggesting TH dis-
ruption may contribute to the HPD-induced memory impairment.
Overall, data suggests that both hypo- and hyperthyroidism
affect spatial memory, and in most cases negatively. This further
indicates that THs influence neural mechanisms through multiple
pathways and that a correct balance of TH signaling both during
and after development is crucial.
A number of pathways have been identified as possible media-
tors for TH-mediated deficiencies in spatial learning. Abnormal
base levels and lack of regulation of calcium/calmodulin-
dependent protein kinase II, calmodulin and calcineurin, as well
as abnormal distribution of vesicular glutamate transporter-1
and vesicular inhibitory amino acid transporter (of the glutamater-
gic and GABAergic system, respectively) were observed in the hip-
pocampus of hypothyroid juvenile rats (Dong et al., 2011; Navarro
et al., 2015). An extensive study on the offspring of rat dams suffer-
ing from hypothyroxinemia during pregnancy revealed alterations
in phosphorylated c-fos, postsynaptic density protein 95 and N-
methyl-D-aspartic acid receptor subunit 1 in brain extracts and a
decrease in colocalization of the latter two, hinting at synaptic
malfunctioning (Opazo et al., 2008). Furthermore, reduced levels
of reelin, brain-derived neurotrophic factor (BDNF), myelin, myelin
binding protein and increased expression of nitric oxide synthase
have been reported as potential components in disrupted TH-
mediated neuroplasticity in the developing rodent brain
(Alvarez-Dolado et al., 1999; Babu et al., 2011; Balazs et al.,
1969; Chakraborty et al., 2012; Gilbert and Lasley, 2013; Pathak
et al., 2011; Sinha et al., 2008). In addition, histone deacetylase is
implicated in TH-mediated brain development (Kumar et al.,
2015). Interestingly, spatial memory deficits in rats resulting from
developmental hypothyroidism can be remediated via BDNF-
mediated stimulation of hippocampal neurogenesis and inhibition
of hippocampal apoptosis, and this through something as simple as
physical exercise (Shafiee et al., 2016; Shin et al., 2013). Likely, THs
are just one potential pathway through which hippocampal
plasticity can be activated or modified, but the evidence provided
above indicates that they have a role in many neuroplastic
processes: synaptic activity, neural response and cell
proliferation/survival (Mohan et al., 2012). A secondary effect of
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60 dpn. Hippocampal levels of thiols and malondialdehydes were
respectively decreased and increased, indicating brain oxidative
damage in these hypothyroid juveniles (Farrokhi et al., 2014).
The authors correlate this finding to the observed learning deficits
at the adult stage. However, we should remark that the duration of
PTU treatment in this study was much longer than in other studies.
Consequently, the prolonged TH disruption might amplify the
detrimental effects in the final phenotype compared to that
observed in other studies.
For this section we conclude that the understanding of how THs
impact spatial memory is the most advanced of all learning pro-
cesses and that several potential underlying mechanisms have
been identified. The next challenge is to isolate the effects of each
identifiedmediator on the phenotype resulting from TH disruption.
Currently, reelin and BDNF are the two most promising molecules
in the field, but studies showing remediation of memory deficits by
increasing local reelin or BDNF brain content are still lacking.3. Thyroid hormones in fear learning and anxiety
An important part in the development of young animals is the
fear response; animals that remember how to respond to danger
stimuli adequately, have a higher chance of survival. In this review,
we define fear memory as the ability to remember to flee from a
specific stimulus, while anxiety is a general condition defining
whether animals are more or less willing to stay in potentially dan-
gerous situations, like a steep elevated area or an overly lit cham-
ber. Fear memory is clearly a plastic phenomenon, but there is
ample evidence that training or certain experiences during devel-
opment influence the anxiety state of older individuals (Gilbert,
2011) and thus anxiety is also included in this section. In humans,
most studies agree that abnormal levels of THs during either fetal
development or occurring later, in adulthood, are linked to mood
disorders such as heightened anxiety, panic disorder, attention dis-
orders and depression (Andersen et al., 2014; Bensenor et al., 2015;
Fahrenfort et al., 2000; Forman-Hoffman and Philibert, 2006; Rovet
and Alvarez, 1996).
Animal studies on the connection between THs and fear learn-
ing have only been performed in rodents and data on developing
animals are few. In one study, TH disruption of pregnant rat dams
by iodine deficiency was not enough to severely impact fear condi-
tioning in adult offspring (Gilbert et al., 2013). However, studies
attempting a more severe TH disruption by methimazole (MMI)
or PTU administration to pregnant dams and neonatal pups but
also to pregnant dams only, resulted in impaired LTP in the hip-
pocampus, a weakened fear conditioning potency and lower anxi-
ety state when the pups became adults (Gilbert, 2011; Sala-Roca
et al., 2002). Interestingly, hyperthyroid neonatal rats displayed
decreased anxiety in multiple tests when they became adults (thus
also suggesting a lower capacity for fear response) (Yilmazer-
Hanke et al., 2004). It was suggested that this behavior was linked
to a decreased expression of corticotrophin releasing factor in the
amygdala, a brain structure also essential in fear and aggression
response. To add to the complexity, it has been shown that off-
spring of female rats consuming ethanol during pregnancy develop
a fear memory deficit, but that this can be prevented by adminis-
tering supplemental T4 to the dams (Tunc-Ozcan et al., 2016).
While these studies seem contrasting at first, it is possible that
both a deficit and overdose of THs affect the plasticity of important
brain structures like the hippocampus, which is involved in fear
memory as well as spatial learning. In addition, THs can apparently
remedy brain damage done by certain external factors, further sub-
stantiating their role in a multitude of neural pathways associated
with learning.Studies in adult rodents have included more test parameters
but the evidence does not provide clear conclusions. Most studies
suggest that adult-onset hypothyroidism increases both anxiety
behavior and fear memory. Hypothyroid adult rats are better able
to remember foot shock cues and thus have higher capability for
pain related memories (Montero-Pedrazuela et al., 2011), and
nearly all evidence in TH-deprived adult mice indicates that
hypothyroidism leads to an increase in anxiety state and changes
in hippocampus and amygdala spine density (Buras et al., 2014;
Vasilopoulou et al., 2016). Moreover, TRa-deficient mice show an
increase in anxiety behavior that might be controlled by GABAergic
activity in the hippocampus (Guadano-Ferraz et al., 2003), and
there is further evidence that TRa and TRb influence anxiety differ-
ently (Vasudevan et al., 2013). However, one study found a mild
decrease in anxiety in elevated maze tests in radiothyroidec-
tomized adult rats (Yu et al., 2015). The latter finding aligns with
developmental effects of hypothyroidism, and researchers suggest
a possible regulation through reduced hippocampal BDNF expres-
sion similar to spatial learning.
It thus seems that TH disruption during development has a
detrimental effect on fear memory and lowers later anxiety state,
at least partly through signaling in the hippocampus and the
amygdala, while adult-onset hypothyroidism in rodents seems to
increase fear memory and anxiety. Possibly, THs influence different
fear-associated pathways in adulthood compared to early develop-
ment, or alternatively adult anxiety could be primarily regulated
by different factors and the influence of THs is weak or indirect.
Currently, not all studies in different animal models agree. The
next step would be to characterize specific TH-mediated changes
in rodent and other models in more detail and assess which facets
of fear learning are affected by abnormal TH levels. Additionally,
there is a need for a consensus amongst scientists on what specific
test should be used to assess a particular aspect of fear learning
and anxiety state.4. Thyroid hormones in vocal learning
A remarkable case of complex learning behavior in developing
animals is the acquisition of learned vocal communication by imi-
tation of conspecifics (i.e. a bird of the same species), or ‘vocal
learning’. While the majority of vertebrates use some form of
sound as part of their communication, only very few species
acquire more complex vocal sound structures by learning to repro-
duce tutor sounds. This intensive process requires continuous
input-dependent reorganization of specialized brain structures
over a longer period of time. The most common examples of spe-
cies exhibiting this trait are humans, marine mammals and song-
birds (Brainard and Doupe, 2002; Richards et al., 1984). In
humans, individuals suffering from congenital or early postnatal
hypothyroidism have difficulties learning a language and produc-
ing coherent sentences, and generally have a lower verbal IQ even
as adults (Joergensen et al., 2005; Oerbeck et al., 2003). A large
study on 5.5 year old children born prematurely showed that indi-
viduals that suffered from hypothyroxinemia at birth scored signif-
icantly lower on the McCarthy verbal scale of children’s abilities
than the ones showing normal TH levels for their gestational age
(Delahunty et al., 2010). These studies clearly show that THs and
development of vocal processing are related.
Songbirds like the zebra finch (Taeniopygia guttata) exhibit clear
critical period learning behavior similar to humans (Doupe and
Kuhl, 1999; Thorpe, 1961). During the sensitive phase of song
learning, young males are able to store a template of tutor song
which they subsequently try to reproduce and perfect (Brainard
and Doupe, 2002). If this period ends without receiving sufficient
input from a tutor, the juveniles can no longer learn songs for
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strongly resembles the tutor song and is generally stable after pub-
erty has ended. However, the quality of the song is strongly depen-
dent on how often the young bird hears the tutor and whether it
can practice (Konishi, 1965; Marler, 1970; Tchernichovski et al.,
1999), which clearly points to neuroplasticity being dependent
on environment related factors not intrinsic to brain development
per se. Specific brain areas called the song control nuclei have been
identified as key areas in both song learning and song production
and are much larger in males than females (Nottebohm and
Arnold, 1976). After most of the songbird brain has already
attained adult size, male song nuclei still exhibit a high amount
of neuroplasticity, including high cell turnover, neuron incorpora-
tion, synaptic strengthening and apoptosis, during the song learn-
ing period (Goldman and Nottebohm, 1983; Nixdorf-Bergweiler,
2001; Walton et al., 2012). A recent study has examined the devel-
opment of these areas more closely in relation to TH regulators and
found a striking correlation (Raymaekers et al., 2017). DIO2 gene
expression was high in the entire brain at 10 dph but quickly
dropped thereafter. However, DIO2 expression remained high in
endothelial cells within the song nuclei Area X, HVC (used as
proper name, previously ‘High Vocal Center’) and the robust
nucleus of the arcopallium (RA) in males – but not females – until
60 dph (Fig. 1), pointing to a high level of local TH activation in the
nuclei. Furthermore, the LAT1 gene showed strong dynamic expres-
sion in HVC in males but not females, suggesting further regulation
by increasing TH import.
Two studies have investigated a similar process in adult birds.
In addition to developmental plasticity, starlings and sparrows dis-
play marked seasonal neuroplasticity in their song nuclei: each
year, their song nuclei grow during spring and regress in late sum-
mer. There is evidence that there is variation in DIO2 expression in
RA during this seasonal neuroplasticity (Stevenson et al., 2012),
and that DIO2 expression strongly rises in HVC and RA after photo-
stimulation in sparrows (Thompson et al., 2012). This further sug-
gests the importance of local TH activation in brain regions
controlling vocalizations.
While neither the study on zebra finches nor the ones on star-
lings and sparrows directly prove involvement of THs in these plas-
tic changes, they indicate that DIO2 (and thus increased T3
signaling) and vocal learning are well connected. Interestingly,
reelin and BDNF are, just like in spatial learning, candidate factors
in this learning process. For example, it has been demonstrated
that BDNF is highly expressed in the developing zebra finch song
control system and that reelin expression varies seasonally in star-
ling HVC (Absil et al., 2003; Tang and Wade, 2013). However, their
relation to T3 signaling has not been investigated in this model and
would be an interesting next step, as would be the identification of
further downstream molecules.
Compared to spatial and fear memory, there is little data on
effects of hypo- or hyperthyroidism on vocal learning, but the role
of DIO2 as an important mediator is apparent. We thus think a
suitable future approach would be to establish a functional
connection between T3 signaling and vocal learning with special
attention to DIO2 functioning (for example by blocking DIO2
action in the song control nuclei). Based on the evidence presented
above, inhibition of local T3 production is likely to impair vocal
learning.5. Thyroid hormones in imprinting behavior
Many animal species display the ability to rapidly and irrevoca-
bly learn to recognize a certain conspecific or even object, a critical
period learning process called imprinting. Data are lacking on pos-
sible imprinting behavior in humans, but the phenomenon is veryobvious in precocial birds as filial imprinting. In this learning pro-
cess, a chick learns to recognize its parent and starts copying sev-
eral characteristics during the juvenile phase (Lorenz, 1937).
A long known key brain area involved in imprinting is the inter-
mediate medial mesopallium (IMM) (McCabe et al., 1981), but its
relation to TH signaling has only been discovered recently. In
2010, Kagami et al. found that prenatal exposure to MMI or PTU
resulted in the chicks having a lower preference for the imprinted
object than the control group when trained at 1 dph and tested at
2 dph (Kagami and Nishigori, 2010). In a more extensive follow up
study, it was shown that visual imprinting during the critical first
three days after hatching was accompanied by a higher level of T3
in the brain (Yamaguchi et al., 2012). This local increase was
caused by an upregulation of DIO2 expression in the endothelial
cells of the brain vasculature, and systemic administration of inhi-
bitors of DIO2 activity repressed imprinting behavior. Moreover,
local injection of blockers of TH regulators in the IMM impaired
imprinting behavior. There is a high abundance of TRs in the
IMM, but the rapid effects of T3 administration suggested that
non-genomic pathways also contribute to the neuroplastic behav-
ior, which was demonstrated by investigating the Phosphoinosi-
tide 3-kinase/Akt pathway as an example (Yamaguchi et al.,
2012). Finally, chicks injected with T3 at 4 and 6 dph, but not later,
were able to imprint again, indicating that T3 is able to reopen the
critical period for imprinting but that other, unidentified factors
mark an end for the period. Together, these studies demonstrate
that TH signaling is critical for brain development involved in
imprinting during the perihatch period and that T3 acts as a deter-
minant for the start of sensory learning. Moreover, the critical step
seems to be regulation of the amount of local activation of T4 to T3
by changing DIO2 expression.
Whereas imprinting also occurs in altricial birds, its mecha-
nisms and relation to THs have not been studied in as much detail
as with their precocial cousins. In ring doves (Streptopelia risoria),
the optimal period for imprinting is 7–9 dph (Klinghammer and
Hess, 1964), while in blackbird (Turdus merula), only 11 dph chicks
showed a preference for the imprinted object (Junco, 1988). This
difference is likely due to species specific development and is for
example related to the stage when chicks open their eyes and
respond to visual stimuli. Importantly, circulating TH profiles in
altricial birds show a corresponding time shift. Instead of peaking
around hatching, TH levels in ring dove chicks stay low during
hatching and then start rising until 8 dph (McNabb and Cheng,
1985), which is the peak time for their sensory learning period
for imprinting. Indeed, these data collectively suggest that the
effect of THs on imprinting behavior in altricial and precocial birds
are similar, as is its short time frame.
In search of further downstream mechanisms, one study in
chickens found a secondary brain region, the intermediate hyper-
pallium apicale (IMHA), innervated by the IMM and necessary for
start and recall of imprinting, but no direct correlation with TH
action could be demonstrated (Aoki et al., 2015). A second study
showed that in T3-injected chicks, phosphorylation of nucleotide
diphosphate kinase 2 (NDPK2) increased and that its kinase activ-
ity participates in priming for learning (Yamaguchi et al., 2016),
marking it as one of the downstream pathway targets for TH-
mediated learning.
We can conclude from the available evidence that, just like in
vocal learning, local DIO2 activity in the associated brain nuclei
is crucial in mediating neuroplasticity during imprinting behavior.
We suggest that further steps could be taken to identify down-
stream signal pathways instigated by DIO2, as well as further iden-
tify additional brain areas involved in imprinting. Additionally,
since there seem to be similarities in TH regulation in vocal learn-
ing and imprinting behavior, the underlying mechanisms should
be compared.
Fig. 1. Pattern of DIO2 and LAT1 expression in male zebra finch song control nuclei during the period of song learning. (A) Timescale of the song learning process showing the
phases of song learning and the developmental stages of the song itself. (B) Graphical representation of DIO2 and LAT1 mRNA expression levels (detected by in situ
hybridization, ISH) in the song control nuclei Area X, HVC and RA (each represented by a graph in the nucleus) compared to the rest of the brain (represented by the central
graph). Graph data are based on target mRNA-positive surface divided by total surface of the nucleus (Raymaekers et al., 2017). Actual size of song control nuclei has been
rescaled to allow for graphical clarity. Arrows denote neural projections between nuclei. (C) First row: Photomicrographs of DIO2 and LAT1 ISH signals. DIO2 is expressed in
blood vessels as shown by the dark, linear patterns in the Area X, HVC and RA at 30 dph. LAT1 is expressed in neural cells as shown by the rounded dark spots in the HVC at
90 dph. Black arrowheads designate the borders of each song control nucleus. Scale bar: 200 mm. Second row: High magnification photomicrographs of cellular DIO2 and LAT1
expression pattern in male song control nuclei. Black arrows designate the clear (linear and rounded, respectively) signal pattern in DIO2 + and LAT1 + cells. Scale bars: 50 mm.
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Two further important components of developmental neuro-
plasticity are motor learning and sensory learning. Motor learning
entices for example the possibility of a child learning to produce
motor commands for certain sounds of a given language, some of
which are impossible to learn after it reaches a critical age. Sensory
learning includes recognizing sound, taste and smell.
Ample work has been performed investigating the connection
between motor skills and TH disruption in humans. Multiple stud-
ies link congenital hypothyroidism to impaired fine and gross
motor skills in childhood and adulthood (Frezzato et al., 2017;
Oerbeck et al., 2003). In rodents, early hypothyroidism also leads
to impaired motor skills (Shimokawa et al., 2014; Sulkowski
et al., 2012) while early hyperthyroidism seems to accelerate the
maturation of the motor system (Shapiro and Johanson, 1985).
Mice expressing a mutant TRawith low affinity for THs show loco-
motor deficiencies, indicating that TRa is crucial in mediating loco-
motor development (Wallis et al., 2008). The rodent studies clearly
point to cellular alterations in the cerebellum – the brain region
critical for motor functioning – as a result of TH deprivation. For
example, Purkinje cell development and granule cell migration
are retarded in the cerebellum of rats with congenital hypothy-
roidism (Shimokawa et al., 2014). Similar observations have been
made in the cerebellum of chickens lacking the important TH
transporter MCT8 (Delbaere et al., 2017), but there the functional
connection to motor skills has not yet been investigated.
Considerable evidence links the formation and/or functioning of
sensory systems to TH signaling. In humans, adult-onset hypothy-
roidism causes defects in smell and taste (Baskoy et al., 2016), and
deafness is a recognized symptom of prenatal TH deficiency
(Forrest, 1996; Knipper et al., 2000). This is considered to be at
least partially due to the involvement of DIO3 and TRb-
dependent signaling in the development of the cochlea (Bradley
et al., 1994; Ng et al., 2009). In mice, adult-onset hypothyroidism
also resulted in defects in odor discrimination (Tong et al., 2007),
and offspring of rat dams deprived of THs during gestation had
lower hearing capabilities at adulthood (Axelstad et al., 2008),
underlining the importance of THs both during development and
adulthood. As for the brain itself: in rat pups born from MMI-
treated dams and thyroidectomized at 5 dpn, DIO2 mRNA expres-
sion was strongly increased at 15 dpn in several brain areas includ-
ing the olfactory regions, auditory regions and the trigeminal nerve
area, which is important in nociception, positional awareness, but
also neuromotor functions like biting, chewing and swallowing
(Guadano-Ferraz et al., 1999). Exogenous T3 treatment 24 h before
sacrifice could only normalize a small fraction of the observed
changes, pointing to a potential role for T3 signaling in these brain
areas.
The data presented above clearly connect THs to the develop-
ment of motor and sensory systems. However, in the context of
this review, it is important to differentiate neural development
from learning-associated plasticity. For example, TH deprivation
clearly impairs the correct execution of fine motor commands (like
solving the grooved pegboard (Oerbeck et al., 2003)). This could be
a result of abnormal neurodevelopment due to TH deprivation.
However, there is a lack of data that relate TH status to the ability
to learn and remember a sequence of specific muscle movements
(like the finger motor memory involved in learning to play a diffi-
cult piano piece by heart). Similarly, TH deprivation disrupts the
formation and functioning of sensory systems, but there is little
data available on TH influence on the memorization of a smell or
sound. In part, this is because it is very difficult to study either
motor or sensory learning without holding disruption of general
neurodevelopment or disruption of proper neural connectivity tothe motor/sensory systems partially responsible for abnormal phe-
notypes. Nevertheless, both learning processes could give us valu-
able information on the influence of THs on the entire spectrum of
learning processes and should be considered as a possible focus for
further research.
7. Conclusion
In this review, we showed that THs have an impact on learning-
associated neuroplasticity in vertebrates. Especially critical period
learning is sensitive to disrupted TH signaling. Interestingly, sev-
eral studies have shown the importance of the local presence of
the TH activating enzyme DIO2 in learning implicated brain areas.
It thus seems that a time and site dependent activation of T4 to T3 is
a conserved mechanism for critical period neuroplasticity. The col-
lection of studies in different animal models also reveals that the
method used to disrupt TH signaling impacts the phenotype.
Although some species differences may be involved, it is also likely
that different learning processes are more or less prone to the
detrimental effects of incorrect TH availability. Nonetheless, most
studies indicate that a mild disruption of TH signaling is not
enough to impact most memory processes, whereas a depletion
of TH results in impaired learning on all fronts. Fortunately, by
studying key brain regions in learning like the hippocampus,
amygdala and several cortical regions, some downstream signaling
molecules have already been identified as potentially crucial for
TH-mediated learning. In these areas, GABA, BDNF and reelin are
probable TH-induced or -inhibited factors that influence many
neural and synaptic characteristics, but there is also evidence that
further non-genomic effects contribute to learning. Considerable
advances have been made to uncover the molecular intricacies of
several learning processes, but many questions on what specific
TH-related signal pathways are involved remain. Answering these
will be extremely helpful to fully understand learning-associated
neuroplasticity and may lead to a variety of therapies to remedy
learning deficits in humans.
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